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ABSTRACT  
   
Transparent conducting oxides (TCOs) are electrically conductive materials 
and have been widely utilized in several applications, especially in opto-
electrical devices, but TCOs are still used in fabrications of only a few active 
device. Although most of TCOs are n-type, an increasing number of binary 
metal oxides with p-type conductivity are also being investigated. For 
instance, the p-type zinc oxide (ZnO) is difficult to fabricate due to the 
absence of appropriate dopants. The lithium (Li)-, sodium (Na)-, potassium 
(K)-, nitrogen (N)-, phosphorus (P)- and arsenic (As)-dopants were 
observed as deep acceptors, which resulted in no significant p-type 
conduction of ZnO films. In addition, impurities and lattice defects in ZnO, 
such as oxygen vacancies and zinc interstitial supply the electrons. A series 
of TCOs based on copper-based oxide materials such as delafossite copper 
oxide (CuMO2), where M represents elements in group IIIA, have recently 
been extensively studied for p-type conductivity materials.  
 
Keywords:  Oxide materials, delafossite, transparent conducting oxide 
(TCO), p-type  
 
9.1 INTRODUCTION 
 
The difficulties in the fabrication of p-type transparent conducting oxides 
(TCOs) may be caused by a characteristic of electronic structure of oxides 
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in which the upper edge of the valence band is strongly localized to oxide 
ions [1]. It is known as a single electron pair. When the positive holes are 
introduced at the edge, charges are then localized on the oxygen ion 
resulting a deep trap. The positive holes require sufficient amount of energy 
to cross the large barrier height to migrate inside the crystal lattice, which 
reduces the conductivity and charge-carrier mobility [2]. A possible solution 
was proposed where an introduction of a degree of covalency in the 
bonding of metal-oxygen will induce the formation of an extended valence 
band structure. This is essential in order to obtain a p-type TCO, and the 
techniques is called chemical modulation of the valence band (CMVB) [3]. 
Cationic species are required to serve the CMVB technique, such as the 
3d10 closed shell configuration of Cu+ ions and 4d10 closed shell 
configuration of silver ions (Ag+) [3]. Figure 1 shows a diagram of the 
CMVB technique. Electron pairs occupy both atomic orbitals and resulting 
level of anti-bonding is the highest occupied level [2].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic illustration of CMVB technique 
 
According to valence bond theory, the oxide ions are sp3 hybrid orbital in 
the valence state of an oxygen (O) atom. There are 2s2 orbital in eight 
electrons in which conveyed on an oxide ion in four σ co-ordination bonds. 
A nature of non-bonding in oxide ion can be reduced using the electronic 
configuration and could exhibits a higher quantity of holes at the edge of 
the valence band. Thus, cuprous oxide (Cu2O) have been recognized as a 
p-type TCO [4]. However, Cu2O has a narrow band gap in the range of 2.1-
2.6 eV [5, 6]. Oxide materials having a delafossite structure of MIMIIIO2 
where MI is monovalent ions, such as copper (Cu+) and Ag+ ions and MIII 
is trivalent ions, such as gallium (Ga+3), aluminum (Al+3), indium (In+3), 
iron (Fe+3), chromium (Cr+3) and cobalt (Co+3) ions have been 
formulated to increase in band gap. Each MI atom is facilitated directly with 
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two oxygen atoms in order to place an O-MI-O dumbbell unit is parallel 
with c-axis. All MI layers are linked to the MIIIO2 layers by the O-MI-O 
dumbbell units. Each oxide ion in the MIIIO2 layer, on the other hand, 
forms a pseudo-tetrahedral coordination (MIII3MIO) with the neighboring 
MIII and MI ions [3], thus reduces the nature of non-bonding in the oxide 
ions and holes are delocalized at the edge of valence band. Moreover, this 
oxide-layered structure also reduces the cross-linking contribution of MI 
ions, and thus increases the bandwidth of oxides [1]. This structure also 
revealed that coordination number of the MI ions is low because of the 
large separation from oxygen ligands, thus 2p electrons in oxygen ligands 
and MI d10 electrons form a solid coulombic repulsion. The MI d10 energy 
levels are being similar to the O 2p level resulted in a high level of mixture. 
This is important approach to fabricate p-type TCO using CMVB technique 
[7]. 
 
The nickel oxide (NiO), as benchmark of oxide materials, have been first 
discovered as a p-type TCO [8]. Then, there was an improvement over NiO 
until transparent p-type conductivity films of copper aluminum oxide 
(CuAlO2) was reported [1]. This result is very promising, although the 
conductivity was smaller than n-type TCO approximately a factor of 1000. 
A various p-type TCOs based on Cu+ delafossite oxides were later reported 
[1, 9-11]. Cu-based TCOs with the delafossite structure have been 
developed, such as CuMO2 where M is elements in group IIIA including 
Al, Ga, and In. Figure 2 shows the delafossite oxide crystal structure of 
CuMO2. 
 
 
Figure 2: Crystal structure of delafossites copper oxide (CuMO2) 
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9.2 DELAFOSSITE OXIDE 
 
The CuAlO2 is known as a transparent p-type semiconductor material with 
a direct band gap approximately 3.5 eV. CuAlO2 thin films are synthesized 
using pulsed laser deposition (PLD) [1,12], plasma enhanced metalorganic 
chemical vapor deposition (MPE-MO-CVD) [13], DC sputtering [14] and 
sol-gel [15-18] methods. The carrier concentration, Hall mobility and direct 
band gap were obtained using pulsed laser deposition method as 2.7 × 
1019cm-3, 0.13 cm2/Vs and 3.5 eV, respectively [12]. The CuAlO2 films 
prepared by laser ablation has obtained the conductivity and carrier 
concentration about 1 × 10-1 Scm-1 and 1.3 × 1017 cm-3, respectively [1]. 
The films also exhibit high transparency with 80% of optical transmittance 
in the visible range. CuAlO2 was also successfully fabricated by a sol-gel 
method. Precursor materials have been prepared in various ways based on 
the sol-gel method. For example, the CuAlO2 films was fabricated using 
copper (II) acetate monohydrate (Cu(CH3COO)2·H2O) and alumatrane as 
precursor materials [13]. The solution was prepared by continued stirring 
the mixed solution at the ambient temperatures for 12-hours [15]. 
Meanwhile, there was a fabrication of CuAlO2 films by nitrate route, where 
copper and aluminum nitrates were used as precursor materials. The nitrate 
solution was stirred at the ambient temperatures for 1-hour, followed by 
additional stirring at 70 oC for 2-hours to obtain jellification [16]. It has been 
reported previously that the copper indium oxide (CuInO2) has the largest 
band gap of 3.9 eV. The delafossite CuInO2 shows both p- and n-type 
conductions using a suitable impurity doping and optimum conditions of 
the deposition rate. However, the conductivity of CuInO2 films was 
unfortunately smaller than other p-type TCOs, which reported value of 
approximately 1 × 10−3 Scm−1. In addition, a PLD method was also used to 
produce a p-type CuInO2 films from phase-pure targets [5]. 
 
The discovery of p-type TCOs led to the investigation of transparent 
semiconductor oxides (TSOs). This indicates the possibility of formation p-
n junctions using a combination of TCOs’ p-type and n-type. Figure 3 
shows lattice constant versus energy gap of some p-type materials. Recently, 
ZnO has become favorable among researchers to be used as n-type TCO 
due to its stability, environmentally friendly and available in bulk. To 
fabricate p-n hetero-junctions with n-type ZnO, it is essential to match 
lattice between both the p- and n-types of the TCOs. Copper gallium oxide 
(CuGaO2) is favorable among them in order to suppress the use of indium 
and to have a smaller lattice discrepancy with ZnO as shown in Figure 3. 
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Figure 3: Lattice constant versus energy gap of some p-type materials 
 
 
9.3 COPPER GALLIUM OXIDE MATERIALS 
 
A CuGaO2 phase is rhombohedral, which belong to the CuMIIIBO2 
family. It is known as a good p-type TCO possessing an energy band gap 
of ~3.6 eV [6]. CuGaO2 has a larger axis lattice constant which is a = 2.98 
Å, and comparable to that of CuAlO2 (a = 2.86 Å). The a-axis lattice 
constant in ZnO is 3.25 Å. Thus, a combination of p-CuGaO2/n-ZnO 
hetero-layer is progressively ideal for the development of p–n junctions with 
these delafossite materials in relation to the lattice mismatch. This material 
configuration has an intermediate electronic structure between CuAlO2 and 
CuInO2. 
  
The CuGaO2 films were epitaxially grown on Al2O3 (001) utilizing a pulsed 
laser deposition (PLD) and resulted the energy band gap of ~3.6 eV, 
electrical conductivity of ~6 × 10−2 Scm−1, carrier density of ~2 × 1018 cm−3 
(for hole density), and hall mobility of 0.23 cm2/Vs at room temperature 
[6]. Meanwhile, the holes concentration in the films can be controlled in the 
range of 1014 to 1017 cm-3 under different oxygen partial pressure during 
PLD. After post-annealing at 1215 oC, hall mobility of 0.8 cm2/Vs was 
obtained, which is the highest reported value among CuGaO2 films [17]. 
Furthermore, the polycrystalline p-type CuGaO2 films were fabricated 
using the radio frequency (RF) sputtering method. P-type CuGaO2 films 
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with the energy band gap of ~3.4 eV was produced for 12-hours in N2 
atmospheres by post-annealing at 850 oC. The activation energy at room 
temperature was approximately estimated at 0.22 eV and the conductivity 
was approximately 5.6 × 10−3 Scm−1 [10].  
 
The challenge in the growth of CuGaO2 films is to minimize the formation 
of secondary phases, particularly Cu2O and copper gallate spinels 
(CuGa2O4), which are driven by the variable valence state of the Cu cations 
[19]. The growth temperature affected the formation of undesirable phases 
in CuGaO2 films, such as CuGa2O4, gallium oxide (Ga2O3) and CuO, thus 
indicated it is growth temperature dependence [17]. The films contained 
CuGa2O4 and CuO at low temperatures below 725 oC, while the phase of 
Ga2O3 was formed at a higher temperature of 780 oC due to desorption of 
Cu atoms. Single-phase CuGaO2 films were only obtained at a temperature 
of around 750 oC which is a narrow growth temperature. The growth 
temperature dependence of the phase separation of the CuGaO2 thin films 
was investigated by PLD [18]. The phase is a mixture of CuGaO2, Cu2O 
and CuGa2O4 at relatively low growth temperatures. Most of the phase at 
higher temperatures is CuGaO2. The purity of the phase is further 
improved by annealing at a high temperature. Films with p-type resistivity 
of 33.8 Ω-cm, carrier density of 6.3 × 1017 cm-3 and mobility of 
approximately 0.32 cm2/Vs were obtained for almost a phase-pure 
CuGaO2 film.  
 
9.4 SUMMARY 
 
A CuGaO2 film is a promising material for p-type TCO. However, the 
challenge in the growth of ternary CuGaO2 films is in minimizing the 
formation of secondary phases, particularly Cu2O and CuGa2O4. The 
largest mobility achieved by CuGaO2 films was about 0.8 cm2/Vs prepared 
by PLD method after post annealing at 1215 oC. The mobility is still inferior 
compare to ZnO mobility discussed before. Thus, in order to obtain high 
quality of CuGaO2 films for industrial use, films without phase separation 
in a large scale with high uniformity are much desired. Furthermore, the 
mobility has to be graded up. Up to now, as discussed, the CuGaO2 films 
have been prepared by vacuum-based technologies such as PLD and RF 
sputtering method [10]. The PLD method has such disadvantages, the 
necessity of costly equipment and the difficulty in scaling-up the 
technology. While the sputtering method has high equipment cost and 
relatively low production rates.  
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